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Field of the Invention 

5 [0001 ] The present invention relates to carbon coatings, specifically to a method and apparatus for the plasma dep- 
osition of carbon-rich coatings. 

Background of the Invention 

w [0002] Carbon-rich coatings can be quite hard, chemically inert, corrosion resistant, and impervious to water vapor 
and oxygen. Thus, they are often used as mechanical and chemical protective coatings on a wide variety of substrates. 
For example, carbon-rich coatings have been applied to rigid disks and flexible magnetic media. They have also been 
applied to acoustic diaphragms, polymeric substrates used in optical and ophthalmic lenses, as well as electrostatic 
photographic drums. 

15 [0003] Carbon-rich coatings, as used herein, contain at least 50 atom percent carbon, and typically about 70-95 
atom percent carbon, 0.1-20 atom percent nitrogen, 0.1-15 atom percent oxygen, and 0.1-40 atom percent hydrogen. 
Such carbon-rich coatings can be classified as "amorphous" carbon coatings, "hydrogenated amorphous" carbon coat- 
ings, "graphitic" coatings, "i-carbon" coatings, "diamond-like" coatings, etc., depending on their physical and chemical 
properties. Although the molecular structures of each of these coating types are not always readily distinguished, they 
20 typically contain two types of carbon-carbon bonds, i.e., trigonal graphite bonds (sp2) and tetrahedral diamond bonds 
(sp3). They can also contain carbon-hydrogen bonds and carbon-oxygen bonds, etc. Depending on the amount of 
noncarbon atoms and the ratio of sp3/sp2 bonds, different structural and physical characteristics can be obtained. 
[0004] Diamond-like carbon-rich coatings have diamond- 1 ike properties of extreme hardness, extremely low electrical 
conductivity, low coefficients of friction, and optical transparency over a wide range of wavelengths. They can be hy- 
25 drogenated or n on hydrogenated. Diamond-like cartoon coatings typically contain noncrystalline material having both 
trigonal graphite bonds (sp2) and tetrahedral diamond bonds (sp3); although it is believed the sp3 bonding dominates. 
Generally, diamond-like coatings are harder than graphitic carbon coatings, which are harder than carbon coatings 
having a large hydrogen content, i.e., coatings containing hydrocarbon molecules or portions thereof. 
[0005] Methods for preparing coatings by plasma deposition, i.e., plasma-assisted chemical vapor deposition, are 
30 known; however, some of these methods have deficiencies. For example, with certain methods the use of high gas 
flow, pressure, and power can cause formation of carbon powder, instead of the desirable smooth, hard carbon film. 
US-A-5 232 791 , US-A-5 286 534 disclose a process for the plasma deposition of a carbon-rich coating that overcomes 
some of these deficiencies. This process uses a carbon-rich plasma, which is generated from a gas, such as methane, 
ethylene, methyliodide, methylcyanide, or tetramethylsilane, in an elongated hollow cathode, i.e., a tubular cathode 
35 typically having a length to diameter ratio of 1 5:1 to 1 :1 . The plasma is accelerated toward a substrate exposed to a 
radio frequency bias. Although this process represents a significant advancement in the art, other plasma deposition 
processes are needed for deposition of a wide variety of carbon -rich coatings using lower energy requirements. 
[0006] JP-A-62-047483 discloses a method of manufacturing a thin film by means of a glow discharge system. The 
glow discharge system produces a plasma cloud, i.e. a negative glow, from which the desired thin film is deposited on 
40 a substrate. 

[0007] JP-A-2-213481 relates to a thin film forming device and discloses a glow discharge system which involves 
diffusion of a plasma gas into a cathode system. 

[0008] US-A-531 4540 discloses a plasma jet system in which a plasma is generated between the cathode and anode, 
and a jet stream is directed out of the cathode/anode arrangement. The electrode configuration is a rod-like anode 
45 located within a cylindrical cathode. The cathode plasma jet system generates a single arc. An argon plasma may be 
established within the electrode system before introducing a hydrocarbon gas. 

Summary of the Invention 

so [0009] The present invention provides a process for the plasma deposition of a carbon-rich coating onto a substrate 
as claimed in claim 1 . 

[0010] The process may comprise the items of : 

(a) providing a substrate in a vacuum chamber; 
55 (b) generating a carbon-rich plasma in the vacuum chamber by: 

(1) injecting a plasma gas into a hollow cathode slot system containing a cathode comprising two electrode 
^ plates arranged parallel to each other; 
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(2) providing a sufficient voltage to create and maintain a carbon-rich plasma in the hollow cathode slot system; 
and 

(3) maintaining a vacuum in the vacuum chamber sufficient for maintaining the plasma; and 

(c) depositing the carbon-rich plasma on the substrate to form a carbon-rich coating. 

[0011] The hollow cathode slot system contains two plates in a parallel orientation. These plates create a "slot" in 
which a stable plasma is generated. Thus, this conformation is referred to herein as a hollow cathode slot. The slot is 
generally rectangular in shape and has a length to width ratio of less than 1 :1 . That is, the space between the plates 
is wider than it is long, as distinguished from a "tube" or an elongated hollow cathode in which the length to diameter 
ratio is at least 1 :1 and generally greater than this. This configuration provides significant advantage in several ways 
as discussed below. In this context, the length of the cathode is the distance between the inlet for the gases and the 
outlet for the plasma. 

[001 2] The hollow cathode slot system preferably includes a first compartment having therein a hollow cathode tube, 
a second compartment connected to the first compartment, and a third compartment connected to the second com- 
partment having therein the two parallel plates. The plasma gas includes a feed gas, preferably a combination of a 
feed gas and a carrier gas; the carrier gas being injected into the first compartment and the feed gas being injected 
into the second compartment for mixing with the carrier gas. 

[0013] Although the voltage can be applied using a nonpulsating filtered DC power supply or a pulsating DC power 
supply, in particularly preferred embodiments, the voltage is provided by a first pulsating DC power supply connected 
to the hollow cathode tube and a second pulsating DC power supply connected to the two electrode plates, i.e., the 
hollow cathode slot. 

[0014] The plasma is preferably deposited on the substrate while the substrate is in close proximity to a radio fre- 
quency bias means, and more preferably while the substrate is in contact with the radio frequency bias means. The 
radio frequency bias means draws the plasma toward the substrate, thereby accelerating the plasma toward the sub- 
strate for efficient and rapid deposition. The use of the radio frequency bias means also contributes to the formation 
of harder carbon-rich coatings. The radio frequency bias means is preferably a chill roll. 

[0015] In preferred embodiments, the plasma is directed past an anode system, which is preferably connected to 
both pulsating DC power supplies, on its way toward the substrate. In particularly preferred embodiments, the plasma 
is directed past an adjustable anode system. 

[0016] The present invention also provides a jet plasma deposition apparatus according to claim 14. The apparatus 
comprises a cathode system for generating a plasma and an anode system. The cathode system is a hollow cathode 
slot system containing a compartment having therein a cathode comprising two electrode plates arranged parallel to 
each other. Preferably, the hollow cathode slot system includes a first compartment having therein a hollow cathode 
tube, a second compartment connected to the first compartment, and a third compartment connected to the second 
compartment and having therein two parallel electrode plates. This cathode system is preferably used in combination 
with an anode system and two pulsating DC power supplies, wherein the hollow cathode tube is connected to a first 
pulsating DC power supply and the two electrode plates are connected to a second pulsating DC power supply. The 
anode system can be any type of system that functions as an anode. Preferably, it is an adjustable anode system as 
described herein. 

[0017] Preferably, the jet plasma deposition apparatus comprises a cathode system (preferably a hollow cathode 
slot system) for generating a plasma and an adjustable anode system located substantially below the path the plasma 
travels when in operation. Preferably, this apparatus as well as the apparatus described in the previous paragraph, 
includes a bias electrode and the adjustable anode is located substantially below an imaginary line connecting the slot 
of the hollow cathode slot system and the bias electrode so as to be below the path of the plasma as it travels between 
the cathode and the bias electrode when in operation. 

Brief Description of the Drawings 

[0018] 

Fig. 1 is a schematic diagram of a Jet plasma vapor deposition apparatus of the present Invention. 

Fig. 2 is a cross-sectional side view of a preferred hollow cathode slot system of the present invention. 

Fig. 3 are plots of power requirements and the resulting deposition rates of a hollow cathode tube (2.5 cm in 

diameter). 

Fig. 4 is a cut-away view of a jet plasma vapor deposition apparatus with an adjustable anode system. 

Fig. 5 A-F are plots of coating thickness in angstroms along the width of a polyester film (mm from left edge): (A) 

No special anode system; (B) Slot opening of adjustable anode system = 1-2 cm; (C) Center 150 mm of anode 



3 



EP 0 778 902 B1 



slot blocked; (D) Right half of anode slot blocked, cathode slot not blocked; (E) Right half of cathode slot blocked, 
anode slot not blocked; and (F) Right halves of cathode slot and anode slot blocked. 

Detailed Description of the Invention 

[0019] The present invention provides a method and apparatus for depositing carbon-rich coatings by means of jet 
plasma deposition. In general, the process of the present invention uses a carbon-rich plasma (I.e., expanded gaseous 
reactive ionized and neutral hydrocarbon fragments) that is directed in a jet stream toward a substrate. Generally, the 
substrate is negatively charged as a result of being exposed to a radio frequency bias. The carbon-rich plasma is 
generated from a plasma gas using a hollow cathode system, i.e., either a "hollow cathode tube" or a "hollow cathode 
slot," preferably a slot, and more preferably a tube in line with a slot, and then directed toward and typically past an 
anode. This is in contrast to conventional "plasma jet" systems in which the plasma is generated between the cathode 
and anode and a jet stream is directed out of the cathode/anode arrangement. 

[0020] The plasma gas may be gaseous or a vaporized liquid. It includes a feed gas and optionally a carrier gas, 
such as argon. Preferably, the plasma gas includes both a feed gas and a carrier gas. The feed gas is any suitable 
source for the desired composition of the carbon rich-coating. The carbon-rich coatings deposited from the carbon- 
rich plasma generally provide a substantially impervious barrierto water vapor and oxygen. Furthermore, the coatings 
are generally resistant to mechanical and chemical degradation. For example, they are sufficiently elastic such that 
they can be used on typical flexible substrates used in, for example, magnetic media and packaging films. 
[0021] Referring to Fig. 1 , a particularly preferred jet plasma apparatus for deposition of such carbon-rich coatings, 
generally indicated as 1 0, is shown. The apparatus includes feed gas source 20 and carrier gas source 22 connected 
via flow controllers 24 and 25, respectively, to inlet tubes 26 and 27, respectively. Carrier gas, e.g., argon, from the 
gas source 22 is fed into a vacuum chamber 30 and into a hollow cathode system 40 through an inlet port 28. Feed 
gas, e.g., acetylene, from the gas source 20 is fed into the vacuum chamber 30 and into the hollow cathode system 
40 through an inlet port 29. The preferred hollow cathode system 40 is divided into three compartments, i.e., a first 
compartment 41 , a second compartment 42, and a third compartment 43. The carrier gas, if used, is fed into the first 
compartment 41 , whereas the feed gas is fed into the second compartment 42. 

[0022] In addition to the hollow cathode system 40, inside the vacuum chamber 30 is an anode system 60, preferably 
an adjustable anode system, which can also act as a grounding system, a radio frequency bias electrode 70, and a 
substrate (e.g., polyester film such as polyethylene terephthalate "PET") 75. The substrate 75 is generally unwound 
from a first roll 76 and is rewound upon a second roll 78. The plasma gas, i.e., feed gas alone or mixture of feed gas 
and carrier gas, is converted into a carbon-rich plasma within the hollow cathode system 40. The carbon-rich plasma 
is then directed toward the substrate 75, which preferably contacts the radio frequency bias electrode 70 during dep- 
osition of the carbon-rich coating from the carbon-rich plasma. The substrate can be made of any material that can be 
coated with a carbon-rich coating. For example, it can be a polymeric, metallic, or ceramic substrate. In a preferred 
embodiment, the substrate is a thin, i.e., less than 20 mil (0.05 cm) and flexible polymeric film. Examples of useful films 
are oriented polyester, nylon, biaxially oriented polypropylene, and the like. 

[0023] The radio frequency bias electrode 70 is made of metal, such as copper, steel, stainless steel, etc., and is 
preferably in the form of a roll, although this is not necessarily a requirement. For example, it can be in the form of a 
plate. The roll Is advantageous, however, because it reduces friction between the electrode and the substrate, thereby 
reducing film distortion. More preferably, the radio frequency bias electrode 70 is water-cooled to a temperature no 
greater than about room temperature, preferably to a temperature of about 0-5°C, which is advantageous when heat- 
sensitive substrates are used. The radio frequency bias electrode typically has a frequency of about 25 KHz to about 
400 KHz, although it is possible to increase the frequency range up to and including the megahertz range. It typically 
has a bias voltage of about minus 100 volts to about minus 1500 volts. With the bias voltage, an additional plasma is 
created in the proximity of the radio frequency bias electrode 70 that applies a negative potential to the substrate, and 
draws the plasma 160 toward the substrate 75 for efficient and rapid deposition. 

[0024] To create the carbon-rich plasma, a first DC power supply 80 is electrically connected directly to the first 
compartment 41 of the hollow cathode system 40 by a circuit 82 and to the anode system 60 by a circuit 84. The first 
DC power supply 80 can be a pulsating DC power supply, a nonpulsating filtered DC power supply, or other plasma- 
generating means with appropriate arc suppression, such as those used in sputtering systems. A pulsating DC power 
supply is generally preferred, however. Also, a second DC power supply 85 is electricatly connected directly to the 
third compartment 43 of the hollow cathode system 40 by a circuit 87 and to the anode system 60 also by circuit 84. 
The second DC power supply 85 can be a pulsating DC power supply, a nonpulsating filtered DC power supply, or 
other plasma-generating means with appropriate arc suppression, although a pulsating DC power supply is preferred. 
An example of a nonpulsating filtered DC power supply is a 25 kilowatt filtered DC power supply, such as that available 
from Hippotronics Inc., New York, NY. Such a power supply generates a plasma at high currents up to about 1 0 amperes, 
and relatively low voltage, i.e., about minus 100 volts. 
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■ [0025] An RF biasing power supply 90 (e.g., Plamsaloc 3 power supply from ENI Power Systems, Inc., Rochester, 

N.Y.) is connected to the radio frequency bias electrode 70 by a circuit 92 and to a ground 1 00 by a circuit 94. The DC 
power supplies 80 and 85 can also be connected to the ground 1 00, although this is not a preferred arrangement. This 
electrical connection is represented in Fig. 1 by the dashed line 1 05. Thus, in this arrangement wherein all three power 

5 supplies are attached to ground 1 00, the anode system 60 is grounded. The former arrangement, wherein the anode 
system 60 is not grounded, is advantageous when compared to the latter arrangement. For example, when the anode 
system 60 is not grounded, the plasma formed is more stable, at least because the plasma sees the anode system as 
distinct from the grounded metal chamber. Also, when the anode system 60 is not grounded, the cross-web coating 
thickness, i.e., the coating thickness along the width of the substrate, is more uniform. Furthermore, the plasma is more 

10 confined and the pattern of deposition can be more readily controlled by varying the exposure of the plasma to the 
anode system 60, as explained in further detail In the examples. 

[0026] As stated above, DC power supplies 80 and 85 are preferably pulsating DC power supplies. This is because 
pulsating DC power supplies provide more stable plasma conditions than nonpulsating DC power supplies, which 
contributes to uniform plasma deposition rates and therefore down-web, i.e., along the length of the substrate, coating 
15 uniformity. Furthermore, they allow for the use of high current flow, and thus high deposition rates, at relatively low 
voltage. 

[0027] Whether used as the first DC power supply 80 or the second DC power supply 85, or both, a preferred pulsating 
DC power supply is one that provides a voltage that typically passes through zero about 25-1 000 times/second, more 
preferably about 25-200 times/second, and most preferably about 100-120 times/second. This allows the plasma to 
20 extinguish and then reignite as the cathode reaches its necessary potential. Examples of such pulsating DC power 
supplies include the Airco Temescal Model CL-2A power supply with a 500 mA maximum output and a 120 Hz full- 
wave rectified DC voltage from 0 to minus 5000 volts, available from Airco Temescal, Berkeley, CA. Another version 
of this power supply uses two Airco Temescal transformers in parallel, thereby resulting in a 1 ampere maximum output. 
These pulsating DC power supplies were used in the examples described below. Another power supply was built with 
25 a 1 0 ampere maximum output, and also used in the examples described below. This was accomplished with a larger 
size (1 kilowatt), leakage-type transformer obtained from MAG-CON Inc., Roseville, MN, including full wave rectification 
to achieve pulsating DC output. As used herein, a "leakage-type" transformer is one that provides a stable operating 
point for a load with a negative dynamic resistance. Typical output of this 1 0 ampere power supply is 0 to minus 1500 
f VDC (volts direct current) with current of 0 to 1 0 amperes. This power supply is current limited, which prevents formation 

V_ 30 of high intensity arcs at the cathode surfaces. If greater currents are required, a larger leakage-type transformer can 

be used, or two or more smaller transformers can be arranged in parallel. 

[0028] In particularly preferred embodiments of the present invention, both power supply 80 and power supply 85 
are pulsating DC power supplies. In such embodiments, a carrier gas is injected into the first compartment 41 of the 
hollow cathode system 40 and a pulsating DC power supply, preferably a 500 mA pulsating DC power supply, is used 

35 to create a plasma from the carrier gas. Although formation of this initial carrier gas plasma may not always be necessary 
when a pulsating DC power supply is used to generate a plasma in the third compartment 43 of the hollow cathode 
system 40, it is necessary for ignition of a plasma in the third compartment when a nonpulsating filtered DC power 
supply is used. After initial ignition of the carrier gas plasma in particularly preferred embodiments of the present 
invention, this initial plasma passes into the second compartment 42 of the hollow cathode system 40 where it is mixed 

40 with the feed gas. This mixture then passes into the third compartment 43 where a second plasma is created using a 
pulsating DC power supply. This pulsating DC power supply can be a 1 ampere or 10 ampere power supply, as used 
in the examples, or it can be a 500 mA power supply or a 20 ampere, 30 ampere, 50 ampere, 1 00 ampere, etc., power 
supply, depending on the desired feed gas fragment concentration and carbon coating deposition rate. 
[0029] In the first compartment 41 of the hollow cathode slot system 40, the voltage created and maintained is pref- 

45 erably about minus 200 to about minus 1000 volts, preferably about minus 200 to about minus 500 volts. The power 
supplied to this first compartment is typically about 20-10,000 watts, preferably about 20-1000 watts, and more pref- 
erably about 1 00-500 watts. In the third compartment 43 of the hollow cathode slot system 40, the voltage created and 
maintained is preferably about minus 50 to about minus 500 volts, and more preferably about minus 80 to about minus 
1 20 volts. The power supplied to this second compartment is typically about 50-3000 watts, and more preferably about 

so 1000-3000 watts. In experiments described below using two pulsating DC power supplies, typical parameters in the 
first compartment include a plasma current of 0.5 ampere and a plasma voltage of about minus 500 volts, and typical 
parameters in the third compartment include a plasma current of 1 or 1 0 amperes and a plasma voltage of minus 1 00 
volts, 

[0030] Given the correct conditions, a stable jet plasma 1 60 is formed in the vacuum chamber which spreads out in 
55 an extended pattern generally imaging the shape of the exit slot of the hollow cathode slot system 40. Preferred plasmas 
have a high feed gas fragment concentration, i.e., fragmentation of the feed gas occurs at a high rate, so as to provide 
a rapid deposition rate of the carbon-rich coating on the substrate 75. That is, the higher the deposition rate of acarbon- 
{ rich coating and the more uniform the coating, the more desirable the plasma formed, which depends on the system 
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arrangement and the current and voftage provided. Furthermore, if a highly uniform carbon-rich coating can be depos- 
ited at a relatively high rate with low power requirements, the more desirable the system with respect to practical 
considerations (e.g., cost, safety, and preventing overheating). 

[0031] To monitor the conditions in the vacuum chamber 30, a mass spectrometer 11 0, an emission spectrometer 
120, and a capacitance manometer 130 can be provided, and connected to the vacuum chamber 30. A vacuum can 
be created and maintained within the vacuum chamber 30 by any means typically used to create a vacuum. For ex- 
ample, in the embodiment represented by Figure 1 , a diffusion pump 140 and a mechanical pump 1 50 are used, which 
are connected to the chamber 30 by means of a vacuum inlet 142. The vacuum chamber is typically maintained at a 
pressure of about 0.13-40 Pa (1-300 mTorr), preferably at about 0.67-67 Pa (5-50 mTorr). 

[0032] As stated above, the preferred hollow cathode system 40 consists of three compartments in series, i.e. , a first 
compartment 41 , a second compartment 42, and a third compartment 43. Referring to Fig. 2, the first compartment 41 
consists of walls 44 open to the second compartment 42. Although the walls 44 are preferably made of copper, they 
can be made of any high temperature-resistant conductive material, such as graphite or any metal, e.g., molybdenum, 
tungsten, or tantalum. Preferably, at least the top and bottom walls are water-cooled so there is little or no heat of 
expansion, thereby allowing the electrical conditions to be generally constant. If the walls are graphite, however, water- 
cooling is not necessary. The walls are preferably cooled to room temperature or below, and more preferably to a 
temperature of about 0-5°C. The dimensions of the first compartment 41 are typically about 2-20 cm in width, length, 
and height, although there is no specific size limitation. Furthermore, although the shape is shown as being rectangular, 
the compartment can be in the form of a cylinder or other desired configuration. 

[0033] The first compartment 41 is designed so that it can sustain a plasma of the carrier gas, e.g. , argon. The carrier 
gas enters the first compartment 41 through an elongated passageway 46 that acts as a hollow cathode. Therein, the 
carrier gas is converted to a plasma, if desired. Thus, this compartment can be referred to as the argon plasma chamber. 
This elongated passageway is preferably in the shape of a tube, which can be made of any highly conductive refractory 
material, such as graphite, molybdenum, tungsten, or tantalum and have any of a variety of cross-sectional configu- 
rations, e.g., circular, square, rectangular, etc. Preferably, the tube is made of graphite and is circular in cross-section 
with a length to diameter ratio ranging from about 1 0:1 to about 5:1 . The internal diameter is about 0.3 cm to about 2.5 
cm, preferably about 0.5-1 .5 cm. Such hollow cathode tubes are described in further detail in U.S. Patent Nos. 5,232,791 
and 5,286,534 (Kohler et al.). Both the graphite tube and the copper walls are connected to the same DC power supply, 
i.e., DC power supply 80 (Fig. 1). Although the cathode in the first compartment 41 shown in Fig. 2 is in the shape of 
a circular tube, this is not necessarily a requirement, although it is advantageous, at least because this configuration 
makes it easier to generate and maintain a stable plasma. 

[0034] The plasma generated in the hollow cathode in the first compartment passes into the second compartment 
42, which consists of walls 45. Preferably, the carrier gas plasma enters into compartment 42 through an opening 47 
in a dividing plate 48. In the second compartment 42, the carrier gas plasma is mixed with the feed gas, which enters 
through a feed gas inlet tube 49. This mixture then passes into the third compartment 43, preferably through an opening 

50 in a dividing plate 51 . Thus, the second compartment 42 is a mixing chamber that is open to both the first compart- 
ment 41 and the third compartment 43. Although the walls 45, the feed gas inlet tube 49, the dividing plates 48 and 

51 .i.e., second compartment end plates, are preferably made of glass, e.g., quartz, they can be made of any electrically 
insulating material, e.g., ceramic. The opening 47 in plate 48, i.e., the dividing plate between the first and second 
compartments, is preferably circular-shaped having a diameter of about 0.3-2 cm, preferably about 0.5-1 cm. The 
opening 50 in plate 51 , i.e., the dividing plate between the second and third compartments, is preferably in the shape 
of an oblong oval or rectangle, i.e., a slot, having a size that generally reflects, i.e., images, the dimensions of the 
opening between the electrode plates in the third compartment (discussed below). The feed gas inlet tube 49 is pref- 
erably in the shape of a "T" with exit ports at the ends of the cross-piece as well as along the length of the cross-piece 
to allow for better dispersion of the feed gas. The dimensions of the second compartment 42 are typically about 2-200 
cm in width, length, and height, although there is no specific size limitation. Furthermore, although the shape is shown 
as being rectangular, the compartment can be in the form of a cylinder or other desired configuration. 

[0035] The third compartment 43 consists of walls 53 and a front plate 54, although this front plate 54 is not a nec- 
essary requirement for the hollow cathode slot system 40 to function. The front plate 54 is preferably made of glass, 
e.g., quartz, although other electrically insulating materials can be used, e.g., ceramic. The walls 53 are preferably 
made of graphite, although they can be made of copper or any refractory metal, e.g., molybdenum, tungsten, or tan- 
talum, so as to withstand elevated temperatures. If the walls are not made of graphite, at least the top and bottom walls 
are preferably water-cooled to the same temperature as that discussed above for the first compartment 41 . The di- 
mensions of the third compartment 43 are typically about 5 cm to about 200 cm in width, length, and height, although 
there is no specific size limitation. Furthermore, although the shape is shown as being rectangular, the compartment 
can be in the form of a cylinder or other desired configuration. Typical dimensions for this compartment are 1 0 cm high, 
10 cm long, and 15-30 cm wide, but this depends on the width of the substrate being coated. 

[0036] The third compartment 43 also includes two electrode plates 55 and 56 arranged parallel to each other with 
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a gap 57. The plates are connected to a second DC power supply 85 (Fig. 1) to generate a plasma between the 
electrode plates. The plasma Is jetted into the forward section 58 of the third compartment 43 and directed in line of 
sight through a slot 59 in front plate 54 onto the substrate. 

[0037] The parallel plates 55 and 56 act as a cathode and are made of either graphite or any high temperature- 

5 resistant conductive material such as copper or refractory metals. Preferably, they are made of graphite because the 
arc discharge of the plates results in some ablation of the plates, which causes carbon deposition on the substrate 
when only a carrier gas is used in the formation of the plasma. The electrode plates 55 and 56 are placed tightly against 
the dividing plate 51 so that the plasma gas, e g., mixture of a carbon-rich feed gas and carrier gas plasma, are 
introduced through slot 50 directly into the space between the electrode plates 55 and 56, i.e., gap 57. The length (i. 

10 e., the dimension between the end of the plates where the gases enter at slot 51 and the end of the plates where the 
plasma exits into the forward section 58) of the electrode plates is chosen such that a stable plasma is generated and 
little or no carbon is deposited on the plates themselves. Typically, this is about 0.3-10 cm, although this can vary 
depending on the pressures of the gases. The length of the electrode plates is less than their width. Preferably, the 
length of the electrode plates is about half the length of the third compartment. The thickness of the electrode plates 

15 55 and 56 is typically about 0.05-1 cm, preferably about 0.3-0.6 cm. The width of the electrode plates 55 and 56 does 
not affect the formation of the plasma, but is chosen depending upon the width of the substrate to be coated. Thus, 
the width of the electrode plates can be about 2-200 cm, or longer. The size of the gap 57 between plates 55 and 56 
is chosen such that a stable plasma is generated, but the gap is not clogged. That is, the distance between electrode 
plates 55 and 56 is not so large that a plasma cannot be generated, nor is it so small that the gap is clogged by carbon 

20 depositions. Typically, the gap 57 between electrode plates 55 and 56 is about 0.3-2 cm, preferably about 0.6 cm. The 
dimensions of the opening 50, i.e., slot 50, in plate 51 typically are of the same dimensions as those of gap 57, i.e., 
about 0.3-2 cm, preferably about 0.6 cm high, and about 2-200 cm wide, again depending on the width of the substrate. 
[0038] Thus, the cathode in the third compartment is referred to herein as the hollow cathode "slot." Also, a hollow 
cathode system that contains a hollow cathode slot, whether alone or in combination with another hollow cathode slot 

25 or with a hollow cathode tube, is referred to herein as a hollow cathode slot system. A hollow cathode slot is advanta- 
geous because it provides for confinement and directionality of the plasma. Furthermore, the "slot" conformation sup- 
ports plasma from a wide range of currents at a generally constant and low voltage, thereby permitting generally high 
deposition rates without a tendency of overheating. 

[0039] It is to be understood that one or more additional hollow cathode slot systems that generate carbon-rich 
30 plasmas as described herein may also be included within the apparatus shown in Fig. 1 . The additional cathode(s) 
can provide more than one layer onto the substrate or can provide an increased rate of deposition of the carbon-rich 
layer. 

[0040] The use of the preferred current-limited pulsating DC power supply combined with the hollow cathode slot 
system of the present invention is advantageous, at teast because it produces a very stable plasma over an extended 

35 period of time, thereby resulting in generally high deposition rates and uniform coating thicknesses in the down-web 
direction. The plasma is caused by low intensity arcs moving randomly and constantly on the surface of both electrodes, 
and thus is generally uniformly distributed in between the electrode plates. Thus, the discharge that results from the 
use of the electrode plates is an arc discharge, as opposed to a glow discharge that results from the use of a tube, as 
described in U.S. Patent Nos. 5,232,791 and 5,286,534 (Kohler et al.). This plasma mode appears to be the result of 

40 constant extinction and reignition of the plasma, which generally prevents arc freezing and favors excessive multiple 
arc formation. 

[0041] In contrast to only a hollow cathode tube, as described in U.S. Patent Nos. 5,232,791 and 5,286,534 (Kohler 
et al.), or a combination of two such hollow cathode tubes, a hollow cathode slot, or a combination of a hollow cathode 
tube and a hollow cathode slot, as described herein, sustains a plasma at about minus 100 volts at a current as high 

45 as 1 0 amperes. Although the hollow cathode tube provides excellent carbon-rich coatings in a generally efficient man- 
ner, the behavior of the hollow cathode slot system described herein is unexpected and advantageous. The power 
requirements for a glow discharge and resulting deposition rates of a hollow cathode tube in preparing carbon-rich 
coatings are illustrated in Fig. 3. The experimental procedure is outlined in Example 2 (Comparative Example). From 
this it can be seen that the hollow cathode tube with a glow discharge requires a significant increase in voltage and, 

so consequently, power as higher current is used to create higher deposition rates. For the hollow cathode slot system, 
however, high plasma current, and thus deposition rate, is achieved with marginal (i.e., about 100 volts) or no change 
in plasma voltage. See the results in Example 1. Consequently, the power rises only proportionally to the plasma 
current. This moderate power requirement and the use of low voltage makes the hollow cathode slot system unique 
and extremely practical for large scale operation. This is because the higher currents available at a given voltage with 

55 the hollow cathode slot system of the present invention results in a higher degree of fragmentation of the hydrocarbon 
feed gas (with lower power requirements), thereby resulting in higher deposition rates. Thus, the hollow cathode slot 
system of the present invention provides significant plasma stability, large width deposition, and the use of high plasma 
current to achieve high deposition rates. 
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[0042] The deposition rates of carbon coatings using the systems of the present invention are proportional to the 
current applied. These deposition rates are generally about 1-2 orders of magnitude higher than most previously re- 
ported deposition rates, e.g., 1-8 nm/second (10-80 A/second), and significantly higher than the deposition rate of 25 
nm/second (250 A/second) reported in U.S. Patent No. 5,182,132 (Mural et al.). For example, deposition rates as high 
5 as about 75 nm/second (750 A/second) can be obtained using the hollow cathode slot system of the present invention 
and the procedure described in Example 1 . It is believed that even higher deposition rates can be achieved with higher 
current power supplies and higher gas flow rates. 

[0043] In addition to the hollow cathode slot system described above, and the pulsating DC power supplies, partic- 
ularly preferred embodiments of the present invention include an anode system 60 (Fig. 1), preferably an adjustable 

10 anode system (Fig. 4). The anode system, particularly the adjustable anode system, contributes to the maintenance 
of a stable plasma, and to the uniformity of the carbon-rich coatings formed. Although the adjustable anode system is 
described herein In combination with the hollow cathode slot system of the present invention, this is not necessarily a 
requirement. The adjustable anode system can be used to advantage, for example, with the hollow cathode tube, which 
is shown in U.S. Patent Nos. 5,232,791 and 5,286,534 (Kohler et al.), instead of the hollow cathode slot. Furthermore, 

15 any anode can be used with the preferred hollow cathode slot system to advantage as long as the plasma is generated 
in the cathode and directed toward and past the anode. 

[0044] Referring to Fig. 4, the adjustable anode system 60 consists of an electrically conductive rod 61 that is posi- 
tioned parallel to the cathode slot 59. The length of the rod 61 can exceed the length of the slot 59, preferably by up 
to about 30 cm. More preferably rod 61 and cathode slot 59 are aligned such that the rod extends beyond both ends 

20 of the slot by about 5 cm to about 1 5 cm. The anode system rod 61 is placed approximately halfway between the hollow 
cathode slot 59 and the substrate 75, and a sufficient distance below (e.g., about 2-30 cm below, typically about 5 cm 
below) the path the plasma travels during operation to avoid blocking the plasma on its path from the slot to the sub- 
strate. Typically, this is about 2-30 cm below an imaginary line connecting the center of the hollow cathode slot 59 and 
the center of the bias electrode 70. 

25 [0045] The anode system rod 61 consists of graphite, tungsten or any refractory metai, preferably graphite. It is 
preferably about 0.5-2 mm in diameter. It is tightly fastened at both ends to spacers 62, which are preferably about 1-3 
cm in diameter. The anode system can be grounded by using spacers made of a conductive material, such as copper, 
aluminum, etc., preferably copper, and directly mounting the spacers 62 onto metal base plate 63, which is typically 
the base plate of the coating chamber, i.e., the vacuum chamber 30 (Fig. 1 ). Alternatively, the spacers 62 can be made 

30 of an insulating material to isolate the anode system. 

[0046] The anode system rod 61 is enclosed in a glass box 64. The top side 65 of the box has a slot 66 parallel to 
the anode system rod 61 . The slot 66 can vary in width, generally it is about 0.5-3 cm wide. The slot width variation is 
used to achieve optimal interaction between the hollow cathode slot system 40 and the anode system rod 61 . That is, 
the slot width can be adjusted to vary the interaction between the cathode and anode (hence "adjustable anode sys- 

35 tern"), thereby affecting the plasma stability as well as the carbon deposition rates and the carbon coating cross-web 
uniformity. Optimum interaction between the cathode and anode is desirable to avoid any additional plasma grounding 
paths to grounded parts of the chamber. 

[0047] During plasma operation the anode system rod 61 is at a temperature of about 750-1 250°C, preferably a 
temperature of about 1 000°C, to ensure the conversion of incidentally deposited plasma carbon to conductive graphite 

40 and thus to sustain adequate electrical conductivity of the anode rod. While sufficient heating takes place at high plasma 
current, auxiliary resistive heating of the rod is desirable at lower plasma current. As shown below in Example 3, the 
cross-web coating thickness can be varied by varying the exposure of the plasma to the anode system rod 61 . This is 
done by controlling the electric field between the cathode and anode, i.e., by blocking portions of the slot 66 of the 
anode system 60, and directing the plasma along the unblocked field. In this way, the anode system is adjustable, such 

45 that the cross-web coating thickness can be manipulated. 

[0048] The process and apparatus of the present invention can be used to prepare any of a variety of carbon-rich 
coatings, such as amorphous coatings, and the like. Typical coatings made by the process and apparatus of the present 
invention contain greater than about 50 atom-% carbon (preferably about 70-95 atom-%), along with minor amounts 
of oxygen (preferably about 0.1-15 atom-%), nitrogen (preferably about 0.1-20 atom-%), and hydrogen (preferably 

so about 0.1-40 atom-%), although the coatings formed need not contain any oxygen, nitrogen, or hydrogen. The com- 
position of the carbon-rich coating can be controlled by means of the pressure of the carrier gas, the composition of 
the feed gas, the configuration of the hollow cathode, and the electrical power supplied by the DC and radio frequency 
power supplies. For example, by increasing the concentration of the carrier gas or by increasing the bias voltage, a 
coating with a higher carbon content can be formed. 

55 [0049] As stated previously, the carbon-rich plasma is created from a feed gas or a mixture of a feed gas and a 
carrier gas. This is referred to herein as the "plasma gas." The carrier gas flow rate can be about 50-500 standard 
cubic centimeters (seem), preferably about 50-100 seem, and the feed gas flow rate can be about 100-60,000 seem 
preferably about 300-2000 seem. For example, for carbon deposition rates of about 2-80 nm/second (20-800 A/second), 
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the feed gas flow rate is about 50-350 seem and the carrier gas flow rate is about 50-100 seem, with higher feed gas 
flow rates in combination with lower carrier gas flow rates (typically resulting in higher deposition rates). Generally, for 
harder coatings, the carrier gas flow rate is increased and the feed gas flow rate is decreased. 
[0050] The feed gas, i.e. , the carbon source, can be any of a variety of saturated or unsaturated hydrocarbon gases. 

5 Such gases can also contain, for example, nitrogen, oxygen, halides, and silicon. Examples of suitable feed gases 
include, but are not limited to: saturated and unsaturated hydrocarbons such as methane, ethane, ethylene, acetylene, 
and butadiene; nitrogen-containing hydrocarbons such as methylamine and methylcyanide; oxygen-containing hydro- 
carbons such as methyl alcohol and acetone; halogen-containing hydrocarbons such as methyl iodide and methyl 
bromide; and silicon-containing hydrocarbons such as tetramethylsilane, chlorotrimethyl silane, and tetramethoxysi- 

10 lane. The feed gas can be gaseous at the temperature and pressure of use, or it can be an easily volatilized liquid. A 
particularly preferred feed gas is acetylene. 

[0051] As stated previously, a carrier gas can also be used with the feed gas to advantage. For example, without 
the auxiliary plasma from the carrier gas the feed gas plasma is difficult to sustain at around minus 100 volts using 
either a pulsating or a filtered DC power supply. For example, when using only the feed gas, with a 1 ampere pulsating 
15 DC power supply the voltage rises occasionally up to about minus 1000 volts, and with a nonpulsating filtered 10 
ampere power supply, the plasma is occasionally extinguished altogether. 

[0052] The carrier gas can be any inert gas, i.e., a gas that is generally unreactive with the chosen feed gas under 
the conditions of pressure and temperature of the process of the present invention. Suitable carrier gases include, but 
are not limited to, helium, neon, argon, krypton, and nitrogen. Typically, higher molecular weight molecules, e.g., argon, 
20 are preferred. The terms "inert" and "carrier" are not meant to imply that such gases do not take part in the deposition 
process at all. Generally, it is believed that the generated carrier gas ions act as bombarding particles to remove the 
softer portions of the coatings, e.g., those portions containing a higher hydrogen atom content, and thereby improve 
the density and strength of the coatings, 

[0053] The thickness of the carbon-rich coatings produced by the method of the present invention are typically greater 
25 than about 5 nm, preferably about 1 0-1 00 nm, more preferably about 1 0-40 nm, and most preferably about 1 0-20 nm. 
Thicker coatings are possible, but not typically needed. The substrate moves through the plasma at a rate designed 
to provide a coating of a desired thickness. The speed at which the substrate 75 travels from roll 76 to roll 78 can be 
about 10-4000 mm/second, but is typically about 10-1500 mm/second for the gas flow rates and pressures and the 
apparatus described above. 

30 [0054] In summary, the hollow cathode slot system of the present invention, preferably in combination with a pulsating 
DC power supply, and more preferably in combination with the adjustable anode system described above, is advan- 
tageous because the plasma is confined and directional. The confinement contributes to the high deposition yield 
generally exclusively concentrated on the film substrate. The directionality, i.e., the directed diffusion, of the plasma is 
due in part to the gas or pressure gradient inside and outside the hollow cathode. This enhances the transport of the 

35 plasma to the substrate and thereby the rates of deposition. Furthermore, the hollow cathode slot system of the present 
invention, preferably in combination with a pulsating DC power supply, and more preferably in combination with the 
anode system described above, is advantageous because it allows for the use of high currents at low and generally 
constant voltages. This system also enables high fragmentation rates by employing high flow rates and accordingly 
high pressures inside the hollow cathode slot system. Significantly, powder formation of carbon, which is often asso- 

40 ciated with relatively high pressures, is not generally observed. Once the plasma is jetted out of the hollow cathode 
slot system, the pressure becomes sufficiently low such that deposition becomes possible at high bias voltages. The 
use of high bias voltages is generally used to tailor-make specific coating properties (e.g., hardness, adhesion, and 
conductivity) and/or to operate the process at high web speeds. 

[0055] The present invention is further described by the following nonlimiting examples. These examples are offered 
45 to further illustrate the various specific and preferred embodiments and techniques. It should be understood, however, 
that many variations and modifications can be made while remaining within the scope of the present invention. 

Examples 

so Typical System Dimensions 

Hollow Cathode Slot System for Coating a 15 cm Film 

[0056] First compartment (rectangular box with cathode tube): Inside dimensions (2.5 cm H, 15.2 cm W, 4.0 cm L); 
55 Outside dimensions (6.4 cm H, 17.1 cm W, 5.0 cm L). 

[0057] Quartz plate between first and second compartments: 5.2 cm H, 20.3 cm W, 0.3 cm L with a 0.6 cm diameter 
circular hole. 

[0058] Second compartment: Inside dimensions (5.3 cm H, 14.7 cm W, 3.8 cm L); Outside dimensions (6.0 cm H, 
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15.4 cm W, 3.8 cm L). 

Quartz plate between second and third compartments: 11 .7 cm H, 20.3 cm W, 0.3 cm L with a 13.2 cm by 0.4 cm slot. 
[0059] Third compartment: Inside dimensions (8.0 cm H, 15.1 cm W, 9.5 cm L); Outside dimensions (9.1 cm H, 20.5 
cm W, 9.5 cm L); Electrode plates (15.1 cm W, 5.5 cm L) with a slot created between the two electrode plates of 0.6 
cm high. 

[0060] Front quartz plate: 1 2.0 cm H, 22.7 cm W, 0.3 cm L with a 1 7.6 cm by 2.0 cm slot 
Hollow Cathode Slot System for Coating a 30 cm Film 

[0061] First compartment: Water-cooled coils (6.5 cm outside diameter) around 9.8 cm cathode tube (4.0 cm inside 
diameter). 

[0062] Quartz plate between first and second compartments: 7.0 cm H, 38.1 cm W, 0.6 cm L with a 2.3 cm x 1 .5 cm 
diameter oval hole. 

[0063] Second compartment: Inside dimensions (6.3 cm H, 37.5 cm W, 3.9 cm L); Outside dimensions (6.9 cm H, 
38.1 cm W, 3.9 cm L). 

[0064] Quartz plate between second and third compartments: 10.3 cm H, 39.6 cm W, 0.3 cm L with a 30.1 cm by 
0.5 cm slot. 

[0065] Third compartment: Inside dimensions (6.7 cm H, 29.1 cm W, 9.5 cm L); Outside dimensions (10.2 cm H, 
34.1 cm W, 9.5 cm L); Electrode plates (11 .1 cm W, 4.8 cm L) with a slot created between the two electrode plates of 
0.8 cm high. 

[0066] Front quartz plate: 10.1 cm H, 39.5 cm W, 0.3 cm L with a 30.5 cm by 2.5 cm slot. 
Power Supply Description 

[0067] The AircoTemescal CL-2Apowersupply consists of a leakage type power transformer that supplies AC power 
to a full wave bridge rectifier to yield an output, which is the absolute value of the transformer output voltage, i.e., the 
negative absolute value of a sine wave starting at zero volts and going to a peak negative value of about 5000 volts 
open circuit. Under a purely resistive load of 100 ohms, this power supply would rise to a voltage of minus 200 volts 
with the current limited at 500 mA. With an arc plasma as a load, the output voltage of the power supply climbs to the 
breakdown voltage of the apparatus and then the voltage drops immediately to the arc steady state voltage with current 
limited to 500 mA. Thus, the leakage transformer employed acts to limit current flow through the load or plasma in a 
manner similar to a resistive ballast In a typical glow discharge system. More specifically, as the cycle of power supply 
output voltage (starting at T 0 ) progresses through the 120 Hz waveform (starting at zero output volts), the voltage 
increases with time to a negative voltage value significantly above the arc steady state voltage. At this point, voltage 
breakdown occurs in the plasma jet, an arc is established, and the power supply output drops to the arc steady state 
voltage of about minus 100 volts and the saturation current of the power transformer, about 500 mA for the CL-2A 
power supply. As time progresses through the cycle, the power supply voltage drops below the arc voltage and the arc 
extinguishes. The power supply output voltage continues to drop, reaching zero volts at T 0 + 1/120 second and the 
process starts again. The time period for this entire cycle is 1/120 of a second, or twice the frequency of the AC line 
input voltage to the power supply. The operations of the 1 amp power supply and the 1 0 amp power supply are identical 
except that the limiting currents are 1 amp and 10 amps respectively. 

Example 1 

[0068] Carbon-rich coatings were deposited on silicon chips which were placed onto 15 cm wide and 1 mil (2.54 x 
10 -3 cm) thick Kapton™ film, obtained from DuPont de Nemours (Wilmington, DE), Type 100H. The silicon chips were 
about 1 cm x 3 cm, partly masked, and positioned across the Kapton™ film. The silicon chips were passed at a speed 
of about 5 cm per second repeatedly over the biased chill roll by virtue of the Kapton™ film which was transported in 
loop form over the biased chill roll and the two rolls of the web drive system. The hollow cathode slot was about 1 5 cm 
wide and the graphite plates had a gap of about 0.6 cm. The chill roll was 5 cm in diameter, 1 8 cm long, chilled to 5°C 
and about 6.5 cm away from the hollow cathode slot. The grounding box, i.e., anode, was about 20 cm wide and 
included a 3 mm graphite rod which was electrically heated to a red hot temperature. All power supplies, including the 
anode, were connected to a common ground (i.e., ground 100 in Figure 1). After the vacuum chamber was evacuated 
to a pressure of about 0.13 Pa (1 mTorr), argon flows between 50 seem and 100 seem were introduced into the argon 
plasma chamber, i.e., the first compartment of the hollow cathode slot system described herein. The plasma was 
sustained at about minus 450 volts and at a pulsating DC current of 0.5 amps using the Airco Temescal Model CL-2A 
power supply (maximum output of 0.5 amp). The acetylene flow rates were varied between 50 and 336 seem and 
introduced into the mixing chamber, i.e., the second compartment of the hollow cathode slot system described herein. 
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The hollow cathode slot was powered by the 25 kilowatt nonpulsating filtered DC power supply from Hippotronics. The 
current was varied between 4800 mA and 1 0,000 m A. The experiments at 1 000 mA, however, were conducted with a 
pulsating DC power supply having a maximum output of 1 amp powering the cathode slot. The following table shows 
the deposition rates under varying conditions. The deposition rate was determined from the deposition time and the 
coating thickness. The deposition time was calculated from the web speed and the deposition area which was about 
5 cm x 15 cm. The coating thickness was determined by a step profilometer manufactured by Tencor Instruments, 
Mountain view, CA, which measured with sufficient accuracy the step between the masked and repeatedly coated areas. 



FLOW RATES 


HOLLOW CATHODE SLOT 


seem C 2 H 2 


seem Ar 


CURRENT (mA) 


VOLTAGE (V) 


nm/second (A/second) 


50 


100 


1000 


-100 


2.8 (28) 


100 


100 


1000 


-90 


4.9 (49) 


258 


60 


4800 


-92 


30.9 (309) 


258 


60 


4900 


-95 


36.3 (363) 


336 


50 


9000 


-100 


74.3 (743) 


336 


50 


10000 


-100 


75.4 (754) 



Example 2 (Comparative) 



25 



30 



[0069] Carbon-rich coatings were deposited on 15 cm wide, I mil (2.54 x 10' 3 cm) thick Kapton™ 100H film and 
silicon chips. The jet plasma process was used as described in U.S. Patent Nos. 5,286,534 and 5,232,791 (Kohier et 
al.). The hollow cathode was a graphite tube 2.5 cm in diameter, 10 cm long, and 21 cm away from the substrate. The 
substrate was in contact with a water-cooled copper plate functioning as the bias electrode. The anode was a nichrome 
wire loop (approximately 30 cm in diameter) in between the hollow cathode tube and the substrate. Argon (50 seem) 
and acetylene (150 seem) were introduced into the hollow cathode tube. A plasma was generated by powering the 
hollow cathode tube with a I ampere maximum output pulsating DC power supply. Deposition time was 1 minute for 
the stationary samples. As shown in Figure 3, the deposition rate increased with increasing current accompanied by 
a significant increase in voltage. 



35 



40 



50 



Example 3 

[0070] Carbon-rich coatings were deposited on 30 cm wide, 0.56 mil (1 A x 1 0~ 3 cm) video grade polyethylene tereph- 
thalate film having therein less than about 1% of an Si0 2 slip agent (OX-50 from Degussa of Germany), which had 
been corona treated and wrapped for storage and handling in a packaging film with moisture barrier characteristics 
(manufactured by Minnesota Mining and Manufacturing Company, St. Paul, MN), using two pulsating DC power sup- 
plies (1 ampere and 10 amperes maximum output). The hollow cathode slot was 10 cm wide and the copper plates 
had a gap of about 0.8 cm. The chill roll was 48 cm in diameter, 32 cm wide, cooled to about 5°C and 9 cm away from 
the front of the hollow cathode slot. The anode system was placed in between and below an imaginary line between 
the chill roll and the hollow cathode slot, and connected to the two pulsating DC power supplies. After the vacuum 
chamber was evacuated to a pressure of about 0.1 3 Pa (1 mTorr), 40 seem argon was introduced into the argon plasma 
chamber, i.e., the first compartment of the preferred hollow cathode slot system of the present invention, through an 
elongated passageway. A plasma was created and sustained at minus 200 volts at 1 ampere using a pulsating DC 
power supply having a maximum output of 1 amp. Acetylene (460 seem) was introduced into the mixing chamber, i. 
e., the second compartment of the hollow cathode slot system of the present invention. The third compartment of the 
hollow cathode slot system containing the hollow cathode plates was connected to a 10 ampere maximum output 
pulsating DC power supply. At a voltage of minus 1 00 volts, a stable plasma was generated using a current flow of 1 0 
amperes. The bias voltage was kept at minus 720 volts. The pressure was at about 0.80 Pa (6 mTorr). At a web speed 
of about 15 m/minute, a carbon-rich coating of 10-20 nm (100-200 A) was obtained with good cross-web and down- 
web uniformity, as evidenced by water vapor permeability values of about 1 .3-1 .6 g/m 2 -day (measured with a Permatran 
W-6 Permeability Tester manufactured by Modern Controls, Inc., Minneapolis, MN using ASTM test method F 1249-90 
-- aluminum foil standard for calibration, sample conditioned overnight, cell filled half-way with deionized water, 60 
minute test with a gas pressure of 1 .0 x 1 0 5 Pa (15 psi)). 
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Example 4 



[0071] The 1 0 ampere maximum output pulsating DC power supply used in Example 3 was replaced by a high current 
25 kilowatt nonpulsating filtered DC power supply available from Hippotronics (Model No. 803-8. 8A). The apparatus 

5 arrangement, the gas flow rates, and the pressure were the same as described in Example 3. The argon plasma was 
sustained at minus 500 volts and 1 ampere current. The hollow cathode slot had a voltage of minus 95 volts at 9 
amperes. The bias voltage was kept at minus 900 volts. At a web speed of about 20 m/minute, 600 meters of the PET 
film used in Example 3 were coated with a carbon-rich coating. The coating was 10-20 nm (100-200 A) thick and had 
water vapor permeability values of 1-2 g/m 2 -day, measured as described in Example 3. After heat lamination (i.e., 

10 overcoating with about 1 mil (2.54 x 1 0' 3 cm) of corona-treated ethylene butene copolymer available under the trade- 
name EXACT 3027 from Exxon Chemical Company, Houston, TX), the water vapor permeability values were beiow 1 
g/m 2 -day. In a series of experiments, carbon coated and laminated samples were folded several times. The PET film 
containing only the carbon-coating, which was folded twice, showed an increase in water vapor permeability to about 
1 0 g/m 2 -day, although this value was still lower than the PET film alone (30 g/m 2 -day) or the PET film with the polymer 

15 laminated onto it without the carbon coating (1 8 g/m 2 -day). The laminated samples containing the carbon coating and 
ethylene butene overcoat, however, which were folded up to six times, revealed a high degree of flexibility which 
resulted in a slow deterioration of the barrier properties. That is, the water vapor permeability values increased slightly, 
but remained below about 2 g/m 2 -day. Thus, the carbon coatings prepared by the method of the present invention can 
be used on flexible substrates, and are particularly advantageous for packaging applications, for example, when used 

20 jn combination with a polymer overcoating. 

Example 5 

[0072] Carbon-rich coatings were deposited on a 15 cm wide, 0.56 mil (1 .4 x 10* 3 cm) video grade dual layer poly- 

25 ethylene terephthalate — only one layer of which contained less than about 1% of an Si0 2 slip agent (OX-50 from 
Degussa of Germany) — previously wrapped for storage and handling in a packaging film with moisture barrier char- 
acteristics), manufactured by Minnesota Mining and Manufacturing Company (St. Paul, MN). The hollow cathode slot 
was about 15 cm wide and the graphite plates had a gap of about 0.6 cm. The chill roll was 5 cm in diameter, 18 cm 
long, chilled to 5°C and about 6.5 cm away from the hollow cathode slot. The anode box was about 23 cm wide and 

30 included a 3 mm graphite rod which was electrically heated to red-hot temperature. All power supplies including the 
anode box were connected to a common ground. After the vacuum was evacuated to a pressure of about 0.13 Pa (1 
mTorr), 50 seem argon was introduced into the argon plasma chamber where a plasma was sustained at minus 450 
volts and at a pulsating DC current of 0.5 amp using the Airco Temescal Model CL-2A power supply (maximum output 
of 0,5 amp). Acetylene (258 seem) was introduced into the mixing chamber. The hollow cathode slot was powered by 

35 the 25 kilowatt nonpulsating filtered DC power supply from Hippotronics. A slightly unstable plasma was sustained at 
minus 100 volts and around 4.2 amps. The bias voltage was kept at minus 700 volts. The pressure was 1 .43 Pa (11 
mTorr). At a web speed of 6 m/minute, a carbon-rich coating was obtained with varying degrees of down-web uniformity. 
The PET film was coated on the side that did not contain the Si0 2 slip agent. Various samples along the length of the 
PET film were evaluated for barrier properties. The water vapor permeability values varied between 0.5 g/m 2 -day and 

40 3 g/m 2 -day. This variability is probably due to the variation of acetylene fragmentation. Mass spectrometry in fact 
showed a variation in the unf ragmented portion of the acetylene feed gas with time. Consequently, a variation of carbon- 
rich coating thickness is evidenced, which thereby causes a variation in barrier properties. In contrast, mass spectrom- 
etry indicated a constant rate of acetylene fragmentation with time when a pulsating DC power supply was used. 

45 Example 6 

[0073] A series of experiments were conducted using the 15 cm coating apparatus described in Example 5 with a 1 
ampere maximum output pulsating DC power supply in place of the nonpulsating filtered DC power supply. Figure 5A 
shows a very non-uniform coating thickness on the PET film used in Example 5. The coating was obtained using as a 

so ground the plasma chamber itself. In addition, a ground wire loop was placed in front of the hollow cathode without 
paying attention to any symmetric arrangement in reference to the cathode. A comparison of Figure 5A with 5B points 
out the improvement in cross-web uniformity when the anode system is employed. The symmetry of the deposition 
pattern (with the heaviest deposition in the center) indicates the importance of the designed symmetric cathode-ground 
arrangement that appears to be ultimately responsible for the arrangement of the electric field pattern and consequently 

55 for the controlled deposition conditions. Figure 5C substantiates that small changes in the symmetry of the anode 
system have a significant effect on the change of the deposition pattern. Figure 5C shows that uniform coating thickness 
over the total deposition width is achievable by a small modification of the ground slot opening, i.e., the center of the 
grounding slot is blocked with a glass slide. Figures 5D and 5E give further evidence that any distortion or partial 
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blocking of the electric field pattern results in a certain deposition pattern. In Figure 5D the right half of the grounding 
slot is blocked resulting in decreased coating thickness on the right side. The deposition pattern is similar in Figure 5e 
although the experimental arrangement is quite different, i.e., the right side of the cathode slot, as opposed to the 
grounding slot, is blocked. The similarity of the coating pattern and the amount of carbon deposited in Figures 5D and 
5 5E indicates that the deposition is controlled or at least significantly influenced by the intensity of the electric field 
pattern established between cathode and anode (ground) regardless of where the blocking occurs either at the slot of 
the hollow cathode or at the slot of the anode system. Figure 5F shows the deposition pattern when the right halves 
of both the grounding slot and the cathode slot are blocked. 

10 Example 7 

[0074] Carbon-rich coatings were deposited on various 1 5 cm wide polymer film substrates. The hollow cathode slot 
was about 15 cm wide and the graphite plates had a gap of about 0.6 cm. The radio frequency bias electrode was a 
water cooled copper plate (20 cm x 25 cm) which was situated 5.5 cm away from the hollow cathode slot. A ground 

is wire loop (about 35 cm in diameter) was placed in between the hollow cathode box and the substrate. The hollow 
cathode slot was powered by a 1 ampere maximum output pulsating DC power supply at 1000 mA and about minus 
1 00 volts. The film substrates were coated either stationary while in contact with the bias electrode plate or continuously 
sliding over the plate at a constant speed. The following table shows water vapor permeability values for the substrate 
prior to ("substrate") and after ("sample") carbon deposition, measured using a Permatran W-6 Permeability Tester 

20 and the method outline in Example 3. Excellent barrier values were obtained for all substrates including the 4 mil (1 .0 
x 1 0* 2 cm) PET film which was not pretreated either by corona or other plasma (argon) treatments, nor was it specially 
packaged to avoid water absorption or made with a slip agent. 



25 


Substrate 
Material 


H20 PERMEABILITY g/m 2 -day 


Bias Voltage 
(volts) 


Exposure Time 
(sec) 


C 2 H 2 /Ar (seem) 






Substrate 


Sample 








30 


1 mil (2.54x10* 3 
cm) 

polypropylene 
Mobil Chem. Co. 
LBW 100 


4.3 


0.7866 


-1200 


8 

stationary 


150/100 


35 


0.72 mil (1 .8 x 
1 0 -3 cm) Nylon 
Allied Signal 
Biaxiallyoriented 
#113761 


7.8 


0.7066 


-1200 


4 

stationary 


150/100 


40 


Ethylene vinyl 
alcohol EF-XL 
(3M) 


2.4 


0.2291 


-1200 


8 

stationary 


150/100 


45 


1 mil (2.54x10* 3 
cm) Kapton™ 
(polyimide- 
100H) DuPont 


38.0 


0.6133 


-1200 


8 

stationary 


150/100 


50 


Polycarbonate 7 
mil (1.8x10- 2 
cm) Mobay 
Brand clear, 
DE11 


21 .5 


0.0666 


-1200 


8 

stationary 


150/100 




4 mil (1.0 x 10- 2 
cm) PET (3M) 


3.9 


0.0533 


-300 


60 

continuous 


150/100 


55 


4 mil (1.0x 10*2 
cm) PET (3M) 


3.9 


0.7619 


-600 


12 

continuous 


tetramethyl si lane/ 
Ar 150/80 



( 
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Example 8 



10 



15 



20 



25 



30 



35 



40 



[0075] The hollow cathode system used In Example 3 was replaced by a graphite tube (as described in U.S. Patent 
Nos. 5,286,534 and 5,232,791) 0.6 cm In inner diameter and about 15 cm long. The feed and carrier gases (460 seem 
C 2 H 2 and 40 seem argon) were introduced as a mixture into the tube. Otherwise the apparatus arrangement, including 
the placement of the anode system and distance of the cathode tube orifice to the substrate, was the same as described 
In Example 3. Carbon-rich coatings were deposited on 30 cm wide, 0.56 mil (1 .4 x 10' 3 cm) video grade dual layer 
PET film (described in Example 5) at a plasma arc current of 1 0 amps and minus 75 volts at a speed of 14 m/minute 
using the pulsating 10 ampere maximum output power supply. The pressure was about 1 .0 Pa (8 mTorr) and the bias 
voltage was minus 600 volts. Water vapor permeability tests (measured as described in Example 3) indicated variation 
in cross-web uniformity ranging from about 8 g/m 2 -day at the outer portions to about 0.5 g/m 2 -day at the center. The 
non-uniformity was attributed to the carbon plasma generated from a small cathode tube orifice, which can be consid- 
ered a point source. Based on these results, higher cross-web uniformity is expected by an adequate change in the 
configuration of the anode system. 

Example 9 

[0076] One mil (2,54 x 1 0 3 cm) Kapton™ film (DuPont, H1 00) and 1 mil (2.54 x 1 0" 3 cm) aluminum foil (both 15 cm 
wide) were carbon coated according to the apparatus arrangement and most of the process conditions described in 
Example 5. The hollow cathode slot plasma was sustained at about minus 100 volts and 6 amps. The pressure was 
around 1 .0-1 .3 Pa (8-10 mTorr). The carbon coated Kapton™ film was evaluated by ESCA, optical transmission and 
water vapor permeability. Carbon was deposited under stationary conditions on aluminum foil within 2-3 minutes and 
then scraped off for use in an analysis by Raman spectroscopy. In addition, the aluminum foil was used as a substrate 
holder for Ge-FTIR crystals and for silicon chips to measure thickness and hardness of the deposited carbon. 



SAMPLE 


A 


B 


C 


UNCOATED KAPTON™ FILM 


C 2 H2/AR (seem) 


200/50 


200/50 


100/100 




BIAS VOLTAGE (Volts) 


0 


-300 


-300 




DEPOSITION RATE (nm/sec (A/sec)) 


10.7 (107) 


11.7 (117) 


4.0 (40) 




WEB SPEED (mm/sec) 


17.5 


17.5 


8.7 




H 2 0 PERMEABILITY (g/m 2 -day) 


8.857 


1.195 


0.857 


38.0 


ESCA Atom percent C/O 


83.2/16.8 


85.2/14.8 


85.5/14.5 




OPTICAL TRANSMISSION (% at 600 
nm) 


70.8 


70.1 


71.0 


73.4 i 


HARDNESS (Mohs) 


<5 


6-7 


7-8 





[0077] For sample A the following IR absorption peaks were observed: 



45 



50 



WAVE NUMBER (cm" 1 ) 


ASSIGNMENT 


2970 - 2960 


sp3 


CH 2 


(asymmetrical) 


2925 - 2920 


sp 3 


CH 2 


(asymmetrical) 


2875 - 2870 


sp 3 


CH 2 


(symmetrical) 


■ 1700- 1660 




c=o 




1570-1600 




c=c 




1430 - 1450 


sp 3 


CH 3 


(asymmetrical) 


1370 - 1380 


sp 3 


CH 3 


(symmetrical) 


120 - 1220 




c-o 





55 



[0078] In essence, sample A contained a significant concentration of hydrocarbon moieties along with a significant 
portion of unsaturated and oxidized carbon. Comparing the absorbance peak heights of sample A with those of sample 
B (processed with a bias voltage of minus 300 volts) the hydrocarbon portion of sample B was reduced by about 40% 
and the oxidized carbon portion was reduced by about 10-20%; the unsaturated carbon portion, however, increased 
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by about 15-20%. For sample C, (compared with sample A) similar but slightly greater compositional changes were 
obtained by employing somewhat more intense plasma conditions. The C=0 peak was reduced to near zero in sample 
B and completely eliminated in sample C. These results indicate that different types of carbon-rich coatings were 
deposited using the varied deposition conditions, with samples B and C approaching that of a diamond-like coating. 
[0079] Raman spectra of sample B and C were essentially flat except for peaks at 1 330-1 334 cm" 1 and a larger and 
sharper peak at 1580-1583 cm' 1 , which was indicative of the presence of a graphitic component. The Mohs hardness 
values of samples B and C approached that of diamond (about 10). 

[0080] The present invention has been described with reference to various specific and preferred embodiments and 
techniques. It should be understood, however, that many variations and modifications may be made while remaining 
within the scope of the invention, as specified in the claims. 



Claims 

1 . A process for the plasma deposition of a carbon- rich coating onto a substrate comprising: 

(a) providing a substrate in a vacuum chamber; 

(b) generating a carbon-rich plasma in the vacuum chamber by: 

(1 ) injecting a plasma gas into a hollow cathode slot system containing a cathode comprising two electrode 
plates arranged parallel to each other; 

(2) providing a voltage that will cause multiple low intensity arcs to form and move randomly and constantly 
on the surface of both electrode plates and cause the plasma to constantly extinguish and re-ignite; and 

(3) maintaining a vacuum in the vacuum chamber sufficient for maintaining the plasma; and 

(c) depositing the carbon-rich plasma on the substrate to form a carbon-rich coating. 

2. The process of claim 1 wherein the voltage is provided by a pulsating DC power supply connected to the electrode 
plates. 

3. The process of claim 1 or 2 wherein a carrier gas plasma is injected between the two electrode plates of the hollow 
cathode slot system, wherein the step of injecting the carrier gas plasma comprises injecting a carrier gas into a 
first compartment and forming a plasma from the carrier gas. 

4. The process of claim 3 wherein the carrier gas plasma is fed to a second compartment where a feed gas is intro- 
duced, and the mixture of carrier gas plasma and feed gas is injected between the two electrode plates in a third 
compartment. 

5. The process of claims 3 or 4 wherein the carrier gas is formed into a plasma in the first compartment which com- 
prises a hollow cathode tube connected to another pulsating DC power supply. 

6. The process of claim 1 wherein the plasma gas comprises a carrier gas and a feed gas. 

7. The process of any one of claims 1 to 6 wherein the step of depositing the carbon-rich plasma comprises exposing 
the substrate to the plasma while the substrate is in close proximity to a radio frequency bias means; whereby the 
plasma is accelerated toward the substrate and is deposited thereon as a carbon-rich coating. 

8. The process of claim 2 wherein the pulsating DC power supply has a maximum current of 10 amperes. 

9. The process of any one of claims 1 to 8 wherein the carbon-rich plasma is generated from a feed gas selected 
from the group consisting of saturated and unsaturated hydrocarbons, nitrogen-containing hydrocarbons, oxygen- 
containing hydrocarbons, halogen-containing hydrocarbons, and silicon-containing hydrocarbons. 

10. The process of claim 9 wherein the feed gas is acetylene. 

11. The process of claim 7 wherein the radio frequency bias means is a chill roll and the substrate contacts the chill 
roll during deposition of the carbon-rich coating. 
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12. The process of claim 5 wherein the carbon -rich plasma is accelerated toward the substrate past an anode system 
that is connected to both pulsating DC power supplies. 

13. The process of claim 1 wherein the carbon-rich coating is deposited at a deposition rate of about 75 nanometer/ 
5 second. 

14. A jet plasma deposition apparatus comprising a cathode system for generating a plasma to be coated onto a 
substrate and an anode system; wherein said cathode system comprises a hollow cathode slot system containing 
a compartment having therein a cathode comprising two electrode plates arranged parallel to each other wherein 

10 the two electrodes are connected to a power supply that will cause multiple low intensity arcs to form and move 

randomly and constantly on the surface of both electrodes and cause the plasma to constantly extinguish and re- 
ignite. 

15. The jet plasma deposition apparatus of claim 14 wherein the two electrode plates are connected to a pulsating 
15 DC power supply. 

16. The jet plasma deposition apparatus of claim 14 or 15 wherein the hollow cathode slot system includes a first 
compartment adapted to receive a carrier gas and convert the carrier gas to a plasma and another compartment 
containing the electrode plates and connected to the first compartment to receive the carrier gas plasma generated 

20 in the first compartment. 

17. The jet plasma apparatus of claim 16 which includes another compartment between the carrier-gas-recaiving 
compartment and the electrode-containing compartment, and which is adapted to receive a feed gas. 

25 18. The jet plasma deposition apparatus of claim 16 or 1 7 wherein the first compartment comprises a hollow cathode 
tube connected to another pulsating DC power supply. 

19. The jet plasma deposition apparatus of claims 14 to 18 further comprising a bias electrode. 

30 20. The jet plasma deposition apparatus of claim 19 wherein the bias electrode comprises a chill roll. 

21 . The jet plasma deposition apparatus of claims 14 to 20 wherein the anode system is an adjustable anode system 
located substantially below an imaginary line connecting the slot of the hollow cathode slot system and the substrate 
so as to be below the path of the plasma travelling between the cathode and the substrate when in operation. 

35 

22. The jet plasma deposition apparatus of claim 15 wherein the pulsating DC power supply has a maximum current 
of 1 0 amperes. 

23. The jet plasma deposition apparatus of claim 21 wherein the adjustable anode system comprises an electrically 
40 conductive rod enclosed in a glass box, which glass box has an adjustable slot. 

Patentanspruche 

45 1 . Verfahren zum Plasmaabscheiden einer kohlenstoffreichen Beschichtung auf einem Substrat, aufweisend: 

(a) Bereitstellen eines Substrats in einer Vakuumkammer, 

(b) Erzeugen eines kohlenstoffreichen Plasmas in der Vakuumkammer durch 

50 (1) Einleiten eines Plasmagases in ein Hohlkathoden-Schlitzsystem, das eine zwei parallel zueinander 

angeordnete Elektrodenplatten aufweisende Kathode aufweist, 

(2) Bereitstellen einer Spannung, die bewirkt, daft mehrere Lichtbogen geringer Intensitat gebildet werden 
und sich zufallig und standig auf der Oberflache beider Elektrodenplatten bewegen und bewirkt, daf3 das 
Plasma standig geloscht und neu gezundet wird, und 
55 (3) Aufrechterhalten eines zum Aufrechterhalten des Plasmas ausreichenden Vakuums in der Vakuum- 

kammer und 

(c) Abscheiden des kohlenstoffreichen Plasmas auf das Substrat zum Bilden einer kohlenstoffreichen Be- 
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schichtung. 

2. Verfahren nach Anspruch 1 , wobei die Spannung durch eine an die Elektrodenplatten angeschlossene pulsierende 
Gleichspannungsversorgung bereitgestellt wird. 

3. Verfahren nach Anspruch 1 oder 2, wobei ein Tragergasplasma zwischen den zwei Elektrodenplatten des Hohl- 
kathoden-Schlitzsystems eingeleitet wird, wobei der Schritt des Einleitens des Tragergasplasmas das Einleiten 
eines Tragergases in eine erste Abteilung und das Bilden eines Plasmas aus dem Tragergas aufweist. 

4. Verfahren nach Anspruch 3, wobei das Tragergasplasma einerzweiten Abteilung zugefuhrt wird, wo ein Zufuhrgas 
eingefuhrt wird, und wobei die Mischung aus dem Tragergasplasma und dem Zufuhrgas zwischen den zwei Elek- 
trodenplatten in einer dritten Abteilung eingeleitet wird. 

5. Verfahren nach Anspruch 3 oder 4, wobei das Tragergas in der ersten Abteilung, die ein an eine andere pulsierende 
Gleichspannungsversorgung angeschlossenes Hohlkathodenrohr aufweist, zu einem Plasma gemacht wird. 

6. Verfahren nach Anspruch 1 , wobei das Plasmagas ein Tragergas und ein Zufuhrgas aufweist. 

7. Verfahren nach einem der Anspruche 1 bis 6, wobei der Schritt des Abscheidens des kohlenstoffreichen Plasmas 
das Aussetzen des Substrats gegenuber dem Plasma aufweist, wahrend sich das Substrat in unmittelbarer Nahe 
zu einer Radiofrequenz-Vorspannungseinrichtung befindet, wodurch das Plasma zum Substrat hin beschleunigt 
wird und darauf als eine kohlenstoffreiche Beschichtung abgeschieden wird. 

8. Verfahren nach Anspruch 2, wobei die pulsierende Gleichspannungsversorgung einen maximalen Strom von 10 
Ampere aufweist. 

9. Verfahren nach einem der Anspruche 1 bis 8, wobei das kohlenstoffreiche Plasma aus einem Zufuhrgas erzeugt 
wird, das aus der aus gesattigten und ungesattigten Kohlenwasserstoffen, stickstoffhaltigen Kohlenwasserstoffen, 
sauerstoffhaltigen Kohlenwasserstoffen, halogenhaltigen Kohlenwasserstoffen und siliciumhaltigen Kohlenwas- 
serstoffen bestehenden Gruppe ausgewahlt wird. 

10. Verfahren nach Anspruch 9, wobei das Zufuhrgas Acetylen ist. 

11. Verfahren nach Anspruch 7, wobei die Radiofrequenz-Vorspannungseinrichtung eine Kuhlrolie ist und wobei das 
Substrat die Kuhlrolie wahrend des Abscheidens der kohlenstoffreichen Beschichtung beruhrt. 

12. Verfahren nach Anspruch 5, wobei das kohlenstoffreiche Plasma zum Substrat und an einem Anodensystem vor- 
bei, das an beide pulsierenden Gleichspannungsversorgungen angeschlossen ist, beschleunigt wird. 

13. Verfahren nach Anspruch 1, wobei die kohlenstoffreiche Beschichtung bei einer Abscheidungsrate von etwa 75 
nm/s abgeschieden wird. 

14. Plasmastrahl-Abscheidungsvorrichtung mit einem Kathodensystem zum Erzeugen eines auf ein Substrat abzu- 
scheidenden Plasmas und einem Anodensystem, wobei das Kathodensystem ein Hohlkathoden-Schlitzsystem 
mit einer Abteilung aufweist, in der sich eine Kathode befindet, die zwei parallel zueinander angeordnete Elektro- 
denplatten aufweist, wobei die zwei Elektroden an eine Spannungsversorgung angeschlossen sind, die das Bilden 
mehrerer Lichtbogen geringer Intensitat und das zufallige und standige Bewegen von ihnen auf der Oberflache 
beider Elektroden bewirkt und bewirkt, daB das Plasma standig geloscht und neu geziindet wird. 

15. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 14, wobei die zwei Elektrodenplatten an eine pulsierende 
Gleichspannungsversorgung angeschlossen sind. 

16. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 14 oder 15, wobei das Hohlkathoden-Schlitzsystem eine 
erste Abteilung, die dafur ausgefegt ist, ein Tragergas zu empfangen und das Tragergas in ein Plasma umzuwan- 
deln, und eine weitere Abteilung aufweist, die die Elektrodenplatten enthalt und an die erste Abteilung angeschlos- 
sen ist, urn das in der ersten Abteilung erzeugte Tragergasplasma zu empfangen. 

17. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 16, die zwischen der das Tragergas empfangenden Ab- 



17 



EP 0 778 902 B1 



teilung und der die Elektrode enthattenden Abteilung eine weitere Abteilung aufweist, die dafiir ausgelegt ist, ein 
Zufuhrgas zu empfangen. 

18. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 16 oder 17, wobei die erste Abteilung ein an eine weitere 
pulsierende Gleichspannungsversorgung angeschlossenes Hohlkathodenrohr aufweist. 

19. Plasmastrahl-Abscheidungsvorrichtung nach einem der Anspriiche 14 bis 18, welche weiter eine Vorspannungs- 
elektrode aufweist. 

20. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 19, wobei die Vorspannungselektrode eine Kuhlrolle auf- 
weist. 

21. Plasmastrahl-Abscheidungsvorrichtung nach einem der Anspriiche 14 bis 20, wobei das Anodensystem ein ein- 
stellbares Anodensystem ist, das sich im wesentlichen unterhalb einer den Schlitz des Hohlkathoden-Schlitzsy- 
stems und das Substrat verbindenden gedachten Linie befindet, so daB es sich unterhalb des Wegs des sich beim 
Betrieb zwischen der Kathode und dem Substrat bewegenden Plasmas befindet. 

22. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 15, wobei die pulsierende Gleichspannungsversorgung 
einen maximalen Strom von 1 0 Ampere aufweist. 

23. Plasmastrahl-Abscheidungsvorrichtung nach Anspruch 21, wobei das einstellbare Anodensystem einen in einen 
Glaskasten eingeschlossenen elektrisch leitenden Stab aufweist, wobei der Glaskasten einen einstellbaren Schlitz 
aufweist. 



Revendications 

1. Un processus de depdt par plasma d'un revetement riche en carbone sur un substrat comprenant les etapes 
consistant a: 

(a) agencer un substrat dans une chambre de vide; 

(b) engendrer un plasma riche en carbone dans la chambre de vide en: 

(1) injectant un gaz de plasma dans un systeme a interstice interne de cathode creuse contenant une 
cathode comprenant deux plaques d'electrodes agencees parallelement entre elles; 

(2) appliquant une tension qui amenera de multiples arcs a faible intensite a se former et a se deplacer 
de facon aleatoire et constante sur la surface des deux plaques d'electrodes et a amener le plasma a 
s'eteindre et a se rallumerconstamment; et 

(3) maintenant dans la chambre de vide un vide suffisant pour maintenir le plasma; et 

(c) deposer sur le substrat le plasma riche en carbone pour former un revetement riche en carbone. 

2. Le processus selon la revendication 1, dans lequel la tension est appliquee par une alimentation en energie en 
courant continu a impulsions, connectee aux plaques d'electrodes. 

3. Le processus selon la revendication 1 ou 2, dans lequel un plasma de gaz porteur est injecte entre les deux plaques 
d'electrodes du systeme a interstice interne de cathode creuse, et dans lequel I'etape d'injection du plasma de 
gaz porteur comprend une injection de gaz porteur dans un premier compartiment et une formation de plasma a 
partir du gaz porteur. 

4. Le processus selon la revendication 3, dans lequel le plasma de gaz porteur est amene dans un deuxieme com- 
partiment dans leque! un gaz de charge est introduit et le melange forme du plasma de gaz porteur et du gaz de 
charge est injecte entre les deux plaques d'electrodes dans un troisieme compartiment. 

5. Le processus selon la revendication 3 ou 4, dans lequel le gaz porteur est forme en un plasma dans le premier 
compartiment qui comprend un tube a cathode creuse connecte a une autre alimentation en energie en courant 
continu a impulsions. 
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6. Le processus se(on la revendication 1 dans lequel le gaz de plasma comprend un gaz porteur et un gaz de charge. 

7. Le processus selon Tune quelconque des revendications 1 a 6, dans lequel Petape de dep6t du plasma riche en 
carbone comprend une exposition du substrat au plasma tandis que le substrat est a proxtmite immediate d'un 
moyen de polarisation en radiofrequence; ce qui accelere le plasma vers le substrat et I'y depose sous forme de 
revetement riche en carbone. 

8. Le processus seton la revendication 2 dans lequel le courant maximal de I'alimentation en energie en courant 
continu a impulsions est de 10 amperes. 

9. Le processus selon Tune quelconque des revendications 1 a 8 dans lequel le plasma riche en carbone est engendre 
a partir d'un gaz de charge selectionne dans le groupe constitue par des hydrocarbures satures et non satures, 
des hydrocarbures contenant de I'azote, des hydrocarbures contenant de Poxygene, des hydrocarbures contenant 
des halogenes et des hydrocarbures contenant du silicium. 

10. Le processus selon la revendication 9, dans lequel le gaz de charge est I'acetylene. 

11. Le processus selon la revendication 7, dans lequel le moyen de polarisation en radiofrequence est un rouleau 
refroidisseur et le substrat est au contact du rouleau refroidisseur pendant le dep6tdu revetement riche en carbone. 

12. Le processus selon la revendication 5, dans lequel le plasma riche en carbone est accelere vers le substrat au- 
dela d'un systeme d'anode qui est connecte aux deux alimentations en energie en courant continu a impulsions. 

13. Le processus selon la revendication 1 dans lequel le revetement riche en carbone est depose a une Vitesse de 
dep6t d'environ 75 nanometres/seconde. 

1 4. Un appareil de depot par jet de plasma comprenant un systeme de cathode pour engendrer un plasma a appliquer 
sur un substrat et un systeme d'anode; dans lequel ledit systeme de cathode comprend un systeme a interstice 
interne de cathode creuse contenant un compartiment ou est logee une cathode comprenant deux plaques d'elec- 
trodes agencees parallelement entre elles, les deux electrodes etant connectees a une alimentation en energie 
qui amenera de multiples arcs a faible intensity a se former et a se deplacer de facon aleatoire et constante sur 
la surface des deux electrodes et a amener le plasma a s'eteindre et se rallumer constamment. 

15. L'appareil de depot par jet de plasma selon la revendication 14 dans lequel les deux plaques d'electrodes sont 
connectees a une alimentation en energie en courant continu a impulsions. 

16. L'appareil de dep6t par jet de plasma selon la revendication 14 ou 15, dans lequel le systeme a interstice interne 
de cathode creuse comprend un premier compartiment apte a recevoir un gaz porteur et a convertir en plasma le 
gaz porteur et un autre compartiment contenant les plaques d'electrodes et connecte au premier compartiment 
pour recevoir le plasma de gaz porteur engendre dans le premier compartiment. 

17. L'appareil a jet de plasma selon la revendication 16 qui inclut entre le compartiment de reception de gaz porteur 
et le compartiment contenant les electrodes, un autre compartiment qui est apte a recevoir un gaz de charge. 

1 8. L'appareil de dep6t par jet de plasma selon la revendication 1 6 ou 1 7 dans lequel le premier compartiment com- 
prend un tube a cathode creuse connecte a une autre alimentation en energie en courant continu a impulsions. 

19. L'appareil de depot par jet de plasma selon I'une quelconque des revendications 14 a 18 qui comprend en outre 
une electrode de polarisation. 

20. L'appareil de dep6t par jet de plasma selon la revendication 19 dans lequel I'electrode de polarisation comprend 
un rouleau refroidisseur. 

21. L'appareil de depot par jet de plasma selon I'une quelconque des revendications 14 a 20 dans lequel le systeme 
d'anode est un systeme d'anode reliable situe sensiblement au-dessous d'une ligne imaginaire qui passe par 
I'interstice du systeme a interstice interne de cathode creuse et le substrat, de facon a etre au-dessous du trajet 
de plasma qui se propage, en cours de fonctlonnement, entre la cathode et le substrat. 
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22. L'appareil de depot par jet de plasma selon la revendication 15 dans lequel le courant maximal de I'alimentation 
en 6nergie en courant contlnu a impulsions est de 10 amperes. 

23. L'appareil de dep6t par jet de plasma selon la revendication 21 dans lequel le systeme a anode reliable comprend 
une tige electriquement conductrice enfermee dans une boTte de verre, boTte de verre dans laquelle est menage 
un interstice reglable. 
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